Patients with mitochondrial disease are at risk of metabolic decompensation and often require general anaesthesia (GA) as part of their diagnostic work up and subsequent management. However, the evidence base for the use of GA is limited and inconclusive. We have documented the practice and outcome in the use of GA in paediatric patients with mitochondrial disease using a retrospective case review study of 38 mitochondrial patients who had undergone 58 anaesthetics within the regional metabolic service for the period 1989 -2005. A variety of anaesthetic agents were used and the pattern of use reflects that seen in standard paediatric practice. There were no episodes of malignant hyperthermia and no documented intraoperative events attributable to the GA. Three postoperative adverse events were noted; one episode of hypovolaemia, one episode of acute on chronic renal failure, and one episode of metabolic decompensation 12 h post-muscle biopsy. Despite theoretical concern about this group of patients, adverse events after GA are rare and in most cases unrelated to the anaesthesia. Further prospective studies of GA in mitochondrial disease are required to create evidence-based clinical guidelines for safe practice.
Mitochondria are double-membrane bound, intracellular organelles present in all cells except erythrocytes. Their primary function is the generation of adenosine triphosphate (ATP) via aerobic respiration. However, mitochondria also host several other metabolic pathways, including the tricarboxylic acid (TCA) cycle, urea cycle, b-fatty acid oxidation, and lipid and cholesterol synthesis. The term 'mitochondrial disorder' refers to the group of conditions caused by impairment of the respiratory chain which is involved in the generation of ATP by oxidative phosphorylation. 17 Mitochondrial disorders represent a biochemically and clinically diverse group of conditions that can affect any part of the body, with organs with a high energy requirement such as brain, muscle, liver, heart, and kidney being particularly vulnerable. Historically, mitochondrial disorders were considered to be only a neuromuscular disease; however, due to the ubiquitous nature of oxidative phosphorylation, a defect of the respiratory chain should be considered in a variety of clinical presentations and at any age. Alongside specific clinical syndromes, mitochondrial disease should also be suspected where there is an unexplained constellation of signs with a progressive course involving seemingly unrelated organs or tissues. 14 The genetic basis of mitochondrial disease is an advancing field of research and its complexities have a major impact upon clinical disease and management. The mitochondrion is unique among human organelles as each contains several copies of a small, circular, double-stranded mitochondrial DNA molecule (mtDNA). The vast majority of mitochondrial proteins, however, including most of the proteins involved in electron transport, are encoded by nuclear genes. 4 6 Defects in nuclear DNA may be inherited in an autosomal recessive, dominant, or X-linked pattern. mtDNA point mutations are maternally inherited and show huge phenotypic heterogeneity. affect all (homoplasmy) or only part (heteroplasmy) of the total mitochondria in each cell. The notion that the percentage of mutant mtDNA load contributes to disease expression is a fundamental concept in mitochondrial disease.
The phenotypic presentation of any particular mutation is therefore dependent on a number of factors: the severity of the DNA mutation, the proportion of mitochondria affected, and the susceptibility of various tissues to impaired mitochondrial energy metabolism. 4 17 Diagnostic confirmation is not straightforward in mitochondrial disease and a high index of clinical suspicion is essential. A multi-system search for disease is warranted to identify further organ systems affected that were not clinically apparent at presentation. Initial screening tests for the presence of a mitochondrial disorder include the determination of lactate pre-and post-prandially.
14 A persistent hyperlactaemia with elevated lactate/pyruvate ratios is highly suggestive of a respiratory chain disorder and should prompt further investigation. Not all patients with respiratory chain disorders will demonstrate these abnormalities, however, and radiological imaging may provide further supportive (although not diagnostic) information alongside the clinical picture. In particular, brain MRI may show characteristic abnormalities with lytic lesions in the basal ganglia and thalamus, sometimes extending into the midbrain.
Thus, clinical features alone are rarely pathognomonic in mitochondrial disease and although laboratory and radiological investigations provide important clues, muscle biopsy remains an essential part of the diagnostic process. Muscle is almost always involved to some extent in inborn errors of mitochondrial metabolism and histochemical, electron microscopic, and biochemical studies (including estimation of respiratory chain enzyme function) on skeletal muscle allow definitive diagnosis in the majority of cases. 4 Open muscle biopsy under general anaesthesia (GA) is preferred to ensure suitability of biopsy material for respiratory chain enzyme analysis. GA is therefore a common requirement for these patients, both for diagnosis and for ongoing disease management such as gastrostomy or central line insertion.
As with many disorders of intermediary metabolism, children with mitochondrial disorders are at risk of metabolic decompensation. This may occur with intercurrent illness or reduced oral intake/fasting and rapidly result in a lactic acidosis leading to 'metabolic encephalopathy'. At present, treatment remains limited and does not alter the disease course. It is largely supportive and children with multiple, often complex neuro-developmental problems should be cared for in multi-professional teams. Management involves supplementation with co-factors, nutritional support, and medical treatment of complications such as metabolic decompensation and seizures. Advice on the avoidance of certain drugs which are known to interfere with normal mitochondrial function such as valproate and barbituarates is also essential. Although it poses a challenge to clinicians, genetic counselling also forms an important aspect of care for the family of a child with mitochondrial disease. 8 14 17 Mitochondria are a potential site of action for general anaesthetic agents 20 and it is feasible that children with mitochondrial disease will respond abnormally to anaesthetic drugs. There are various concerns with regard to GA in this patient group, with a generally held belief that patients with mitochondrial disease are at increased risk during anaesthesia. These concerns in part relate to the general 'stress response' to surgery which may be particularly detrimental in this patient group, but also to the use of the anaesthetic agents themselves. However, the evidence base in the literature for this belief is limited (Table 1) .
3 5 7 9 -13 15 16 18 19 21 -25 It consists predominantly of case reports and short patient series and it is most notable for the variety of anaesthetic approaches and variable patient response. It provides little useful evidence base or guidance for clinicians and anaesthetists involved in the care of these complex patients.
Our aim was to document current practice and the incidence of adverse events occurring during GA in a series of children with mitochondrial disease, to assist the development of evidence-based guidelines.
Methods
We undertook a retrospective case review study of mitochondrial patients who had undergone GA for surgical procedures within the regional metabolic service for the period 1989 -2005. The indication for GA was based on clinical need. Eligible patients were identified from the paediatric metabolic database. Inclusion criteria: children of any age with mitochondrial disorder diagnosed as per the modified Walker diagnostic criteria for respiratory chain disorders in children.
1 These criteria comprise major and minor features in various clinical, histology, enzymology, functional, and molecular parameters to produce a definite, probable, or possible diagnosis of respiratory chain disorder (Table 2) . Exclusion criteria: patients who appeared on paediatric metabolic database who did not meet modified Walker criteria.
We undertook a review of anaesthetic records: drug and fluid prescription charts were available from patient records. For each anaesthetic episode, we documented agents (anaesthetic), duration, and recorded stability of physiological parameters (heart rate, arterial pressure, and pulse oximetry). Any observation of intraoperative adverse event was documented from charts as recorded by the anaesthetist. Adverse events were classified as (i) mechanical/airway related or (ii) metabolic decompensation for the duration of the inpatient admission. A procedure performed within the immediate 24 h after the decision to undertake it was classified as an 'acute'. All other procedures were classified as 'elective'.
We did not review pre-and postoperative biochemistry or blood gas analysis as they were not routinely performed in all patients. We do report these in patients where any adverse event was recorded.
Results
Forty-two cases with suspected mitochondrial disease that had undergone GA between 1989 and 2005 were identified. Four cases were excluded as they did not strictly fulfil the Walker diagnostic criteria. Thirty-eight patients underwent 69 episodes of GA, for which anaesthetic records were available in the notes of 58. Data presented are for the 58 episodes in 38 patients. Fifty episodes were 'elective' and eight 'acute'. The median age was 4 yr (range 0.04-16.8) with 27 male and 11 female patients.
There were 50 elective procedures. These included 27 muscle biopsies with or without lumbar puncture, eight MRI of the brain, five otolaryngological procedures, five central line insertions, four gastrostomy insertions, and one liver transplant. There were eight acute procedures which included five central line insertions, one bronchoscopy, one laparotomy and one muscle biopsy.
The median duration of procedure was 1 h (range 0.33-7.3). Inhalation and i.v. agents were used to induce and maintain anaesthesia with a variety of neuromuscular blocking agents, analgesics, and other drugs (Table 3) .
In our series, a variety of i.v. fluids were used in 34/58 (59%) cases; in 26/34 (76%) fluid therapy began before operation. Ten per cent dextrose was used in 9/34 (26%), 0.45% saline and 5% dextrose in 6/34 (18%), Hartman's in 6/34 (18%), 0.9% saline in 4/34 (11%), 0.18% saline and 4% dextrose in 2/34 (6%), and 5% dextrose in 1/34 (3%), blood products in 1/34 (3%) case. The type of fluid was unspecified in 5/34 (15%) cases.
There were no significant documented intraoperative adverse events attributable to the anaesthesia. There was one difficult intubation recorded and one desaturation related to secretions which responded to airway suctioning. There were no episodes of malignant hyperthermia or rhabdomyolysis. Three significant adverse clinical events occurred after operation (Table 4) . Two were related to inadequate fluid replacement and one was a metabolic decompensation. 
Discussion
This is a large paediatric case series and represents the broad age range and clinical spectrum of multi-system involvement seen in mitochondrial disease. The variety of surgical procedures is typical of that encountered in this patient group and our series includes both elective and emergency procedures of variable duration. Anaesthetic technique was at the discretion of the anaesthetist involved and on an individual patient basis. A variety of anaesthetic agents were used and the pattern of agent use reflects that seen in standard paediatric anaesthetic practice. This review demonstrates that, despite theoretical concern about this cohort of patients, metabolic decompensation after GA is rare (one case in 58 episodes). As with any retrospective case notes review, medical records were incomplete or not available in some cases. In five cases, the GA was performed at peripheral hospital sites and these notes were not reviewed. In this series, suxamethonium was used in two cases without any adverse sequelae. In keeping with usual practice, however, non-depolarizing neuromuscular relaxants were used more frequently and no abnormal or exaggerated response was noted.
Three adverse clinical events are described in this series, all of which occurred after the immediate postoperative period when the child had left the anaesthetic recovery area.
The first was a 2-yr-old girl who developed hypovolaemia and required volume resuscitation after a procedure for multiple diagnostic biopsies and therapeutic aspiration of abdominal ascites. Inadequate volume replacement during surgery, in combination with the use of propofol (vasodilator effect) for induction of anaesthesia, probably contributed to the acute hypotension and hypovolaemia in this case and was unrelated to the underlying mitochondrial disease.
The second case was an 8-yr-old girl who developed acute on chronic renal failure in 3 -4 days after surgery for gastrostomy insertion and muscle biopsy. Gastrostomy feeding was slow to be established. Plasma lactate levels remained stable in the postoperative period and her clinical presentation was not typical of that seen in a metabolic decompensation. We therefore believe that the renal deterioration was unlikely to be related to the use of GA in mitochondrial disease. This patient has subsequently undergone another episode of GA for insertion of central line that was well tolerated and uneventful.
The third case was a 1-month-old male infant who presented with seizures and neurological regression. Initial investigations demonstrated elevated plasma lactate and brain MRI changes consistent with Leigh's disease and muscle biopsy was performed at 6 weeks of age to further clarify the diagnosis. The procedure itself was Table 2 Modified Walker diagnostic criteria for respiratory chain disorders in children. Definite diagnosis: two major OR one major plus two minor. Probable diagnosis: one major plus one minor OR at least three minor. Possible diagnosis: single major OR two minor (one of which must be clinical)
Major
Clinical Clinically complete RC encephalomyopathy OR mitochondrial cytopathy defined as fulfilling all three of the following conditions: unexplained combination of multisystemic symptoms to include at least three systems; progressive clinical course with episodes of exacerbation or a family history that is indicative of a mtDNA mutation; and exclusion of other metabolic and non-metabolic disorders Histology .2% red ragged fibres in skeletal muscle Enzymology .2% COX-negative fibres ,30% activity of any RC complex in a cell line ,30% activity of the same RC complex activity in 2 tissues Functional Fibroblast ATP synthesis rates .3 SD below mean Molecular Identification of a nuclear or mtDNA mutation of undisputed pathogenicity Minor Clinical Symptoms compatible with a RC defect Histology Any ragged red fibres .2% subsarcolemmal mitochondrial accumulations Widespread EM abnormalities in any tissue Enzymology 30 -40% activity of ay RC complex in a cell line 30 -40% activity of the same RC complex in 2 tissues Functional Fibroblast ATP synthesis rates 2-3 SD below mean Fibroblasts unable to grow on media with glucose replaced by galactose Molecular Identification of a nuclear or mtDNA mutation of probable pathogenicity Metabolic One or more metabolic indicators of impaired RC function uncomplicated and he returned to the ward after an apparently uneventful GA. Within 24 h, there was an acute deterioration with respiratory failure and metabolic acidosis with increasing plasma lactate levels. He was stabilized on the paediatric ICU, but unfortunately never recovered from this episode and died 3 days later when intensive care was withdrawn. It is difficult to clarify the impact of the surgical procedure and GA in this particular case, although there is a clear temporal relationship between the episode of GA for muscle biopsy and his metabolic decompensation. This child had severe, progressive neurometabolic disease and his clinical condition had deteriorated significantly, even in the short time since initial presentation. A previous report 10 described three patients with Leigh's disease who developed respiratory failure after GA. A variety of anaesthetic agents were used in each case, although it was noted that the same opiate-based, pre-medication (Papaveretum) was used in all three children. It is difficult, however, to draw any conclusions from this small sample. The authors highlighted pre-existing respiratory abnormalities as the only discriminating factor when comparing these three patients with others with Leigh's disease who underwent GA without a problem. In our case, no respiratory abnormality was documented before operation, although his clinical deterioration followed a similar pattern. It has been suggested that a combination of postoperative raised inflammatory mediators (inhibitors of the mitochondrial electron transport chain) in patients with an oxidative phosphorylation defect might lead to a critical degree of mitochondrial failure, particularly in the central nervous system. This may cause clinical deterioration unrelated to the nature of the anaesthetic agents used. 3 Further work in this area may help to clarify the effect of the 'surgical stress response' in mitochondrial patients.
This review of anaesthetic episodes demonstrates that routine management of mitochondrial patients undergoing GA did not differ to that seen in the normal paediatric population and our results suggest that there is no case for avoiding any particular anaesthetic agent in these patients. This is in agreement with recently published data 7 which reviewed anaesthetic morbidity after GA for muscle biopsy alone in children with mitochondrial defects. It would seem pertinent, however, to avoid the prolonged use of propofol for maintenance of anaesthesia and to use neuromuscular relaxants judiciously.
Meticulous individual assessment is important due to the diverse nature of mitochondrial disease and, as with any surgical case, careful attention to fluid management is essential. Preoperative fasting in this patient group may be particularly hazardous as they have a tendency to develop lactic acidosis which will be exacerbated by periods of metabolic stress such as that seen during surgical procedures and perioperative fasting. We recommend the routine, perioperative use of lactate free i.v. fluids in all patients with mitochondrial disease undergoing GA (such as 5% dextrose -0.9% saline). I.V. fluids should be commenced during the preoperative fasting period to allow maintenance of normoglycaemia, as excessive glycolytic oxidation of glucose in this patient group may increase plasma lactate levels.
As may be expected, those patients with more severe clinical disease seem to be at greater risk after GA and further work should be directed towards Leigh's disease in particular, especially those with documented variable respiratory drive.
Further prospective studies will enable a thorough analysis of perioperative patient management and the use of GA in mitochondrial disease, with the aim to create evidence-based clinical guidelines. 
